Introduction
Known since 1974, flow batteries 1-9 are actively studied for storing electricity, intermittently generated from solar, wind, and other renewable sources 10 . During charging or discharging of a flow battery, reversible redox reactions occur in the electrolyte which can be stored in tanks external to the electrochemical cell. Hence energy capacity is proportional to the amount of the electrolyte and scaled independently from the cell, when proportional change in power is not required. The all-vanadium redox flow (VRF) battery 11, 12 is one of the most promising flow batteries, but still requires improvements and development [13] [14] [15] [16] .
The theoretical specific energy of VRF battery is not high (60.5 Wh kg -1 ), and its cell voltage is inherently limited by the electrochemical window in aqueous electrolytes.
Under standard conditions, the 1.23 V limit applies to acidic type cells such as hydrogenbromine 17 , Fe-Cr or Fe-Ti 1-3 or alkaline type cells such as Zn-air 18 , and Ni-hydrogen 19, 20 . The VRF battery is acidic and has a positive V 4+ /V 5+ electrolyte at a standard potential of 1.0 V coupled with a negative electrolyte V 2+ /V 3+ at -0.26 V, giving a theoretical cell voltage of 1.26 V.
In addition to developing alternative stable electrolytes with a higher vanadium salt solubility 11, 12 , serious attempts were made to improve vanadium flow battery technology by alternative pairing of negative and positive electrode/electrolyte reactions into a hybrid cell [21] [22] [23] [24] [25] [26] . Skyllas-Kazacos et al. 21 reported a hybrid Vanadium-O 2 redox fuel cell, thus eliminating the mass of the positive side as oxygen can be freely stored in air. The reported specific energy is higher than 40 Wh kg -1 21 , about 1.6 times the practical specific energy of conventional VRF battery (25) (26) (27) (28) (29) (30) (31) (32) (33) (34) (35) Wh kg -1 ) 11, 12 , whereas the reported open circuit voltage (OCV) was kept in the range of 1.10 to 1.24 V. The four electron oxygen reaction is known to be highly irreversible, thus the absence of a good bifunctional electrocatalyst leads to low voltage efficiency. Another combination was a vanadium chloride/polyhalide redox flow battery proposed by the same group 26 to increase the specific energy, giving an experimental OCV of 1.3 V. Crossover of ions through the membrane was reduced during operation. Both attempts give similar OCV to that of the conventional VRF battery, as shown in Table 1 . 
Nickel metal hydride battery (NiMH x ) setup.
A The conventional VRF and NiMH x batteries were charged and discharged at 9 mA, the same as the V-MH semi-flow system. The cutoff voltages for VRF were 1.46 V and 0.8 V. The NiMH x battery was charged for 5 hours and then discharged until reaching a cutoff of 0.8 V.
Results and Discussion
Charge/discharge characteristics. After corrected for difference of reference electrodes, the averaged voltage drops across the membrane, was +0.014V and -0.016V, during the charge and discharge of first cycle, respectively. The areal resistance of the membrane was estimated to be 30 to 40 ohms cm 2 .
Battery evaluation.
Efficiencies of the V-MH battery are derived from the voltage profiles in Fig. 4 and summarized in Table 2 
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The calculated average voltage efficiency, defined as (average discharge voltage)/(average charge voltage), is 88%, among the best reported values of conventional VRF batteries, 13, 15, 16 as shown in Table 2 . Coupled with high coulomb efficiency, the corresponding energy efficiency is 84%, slightly higher than the best reported values of VRF, as shown in Table 2 . In additional to high operating voltage and high energy efficiency, the V-MH system eliminates the problem arises from air oxidation of V 2+ . From the present V-MH hybrid semi-flow system, the experienced energy density 1 , specific energy and power are 1. 
Theoretical cell voltage, cell capacity and specific energy of V-MH.
One factor which currently limits the widespread application of VRF is its low specific energy when compared to other types of batteries. With this semi-flow V-MH battery, the theoretical specific energy can be increased up to 200 Wh kg -1 , 3.5 times that of VRF battery, as shown in Table. 1.
The dependence of specific energy on theoretical cell voltage and cell capacity can be graphically illustrated in 
